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Introduction 1
Autism Spectrum Disorder (ASD) was proposed as a developmental disorder with a triad of 2 impairments in social interaction, communication, and imagination (Wing, 1988 , Wing, 1997 Constantino 18 and Todd, 2003, Robinson et al., 2011) . These findings suggest that there is reduced white matter integrity 19 in the brain of people with ASD and that such alterations can be related to autistic traits in healthy people . 1 The posterior superior temporal sulcus (pSTS), which has many inputs and outputs of white matter 2 fibers (Lahnakoski et al., 2012) , has been repeatedly reported to play a key role in the pathophysiology of 3 ASD (Pelphrey et al., 2011 , Zilbovicius et al., 2006 . In addition, growing evidence has indicated that 4 there is reduced FA of white matter around pSTS of people with ASD. Reduced FA in the white matter 5 region adjacent to pSTS has been reported by several DTI studies using voxel-based morphometry imaging-analysis method for exploring regional brain alterations. Recently, some studies used tract-based 8 spatial statistics (TBSS), which is a voxelwise analysis method for DTI and is robust for registration 9 errors inherent in VBM (Smith et al., 2006) , to show a reduction of FA in the pSTS region in children and difficult from these voxelwise techniques to know on which fiber tracts these FA changes are located, 12 because several white matter tracts run adjacent to pSTS, including the arcuate fasciculus (AF), inferior 13 longitudinal fasciculus (ILF) and inferior fronto-occipital fasciculus (IFOF) (Catani and de Schotten, 14 2012 reduced in the pSTS-adjacent white matter region. So far, two studies have employed this strategy. Kumar 19 et al found reduced FA around the STS region in TBSS in young children with ASD and confirmed the 1 reduction of FA for several fibers using tractography, although their findings were not significant after 2 correcting for IQ (Kumar et al., 2010). Using VBM, Jou et al showed clusters of FA reduction in the pSTS 3 region in children with ASD, and then revealed by tractography that clusters can be either on IFOF or ILF 4 (Jou et al., 2011a) . However, it still remains unclear which fibers in pSTS (e.g., ILF and IFOF) have FA 5 alterations in people with ASD. 6
In the current study, we aimed to identify the anatomy of autistic trait-related FA alterations in the 7 pSTS region with a method using TBSS and subsequent tractography. We used the autism spectrum 8 quotient (AQ), a well-validated self-report questionnaire of autistic tendency (Baron-Cohen et al., 2001b , 9 Wakabayashi et al., 2006 , for a large sample of healthy adults and investigated regions where FA values 10 would be associated with autistic traits using TBSS. We then performed tractography and examined in 11 which fiber tract in pSTS such autistic-trait-related FA alterations were located. 12 13 14
Materials and Methods 15

Participants 16
Ninety-seven healthy adults participated in this study (mean age 28 years; age range, 19-55 years; 17 47 females; 5 left-handed subjects). Autism spectrum traits were measured with AQ for all participants. 18
To assess the intelligence quotient (IQ), vocabulary task and block design of the Wechsler adult 19 intelligence scale revised (WAIS-R) were carried out. The structured clinical interview for DSM-IV axis I 1 disorders (SCID) was performed by trained psychiatrists to check for current or past history of psychiatric 2 disorders. Two participants were excluded due to a history of depression and possible onset of 3 obsessive-compulsive disorder. Subjects underwent brain MRI according to the protocol described below. 4 MRI could not be performed for 1 subject due to cosmetics, and DTI images could not be used for 5 analysis of 3 subjects due to head motion. Finally, 91 participants were included in the analyses. The slightly agree (2), slightly disagree (3), and definitely disagree (4) . When the participant recorded 16 abnormal or autistic-like behavior as either definitely or slightly agree/disagree, 1 point was scored for the 17 item. We used only total scores for the analysis. Higher scores indicate higher autistic tendency. based on a multifiber diffusion model. The 3D-MPRAGE images were preprocessed using the FreeSurfer 19 software package version 5.0.0 (http://surfer.nmr.mgh .harvard.edu). In brief, the processing stream 1 included a Talairach transformation of each subject's native brain, removal of nonbrain tissue, volumetric 2 subcortical labeling, and surface-based segmentation of gray matter (GM)/white matter (WM) tissue. In 3 the automatic segmentation procedure, each voxel in the normalized brain volume was assigned a label 4 based on an atlas containing probabilistic information about the location of structures, such as the 5 thalamus, caudate, pallidum, putamen, accumbens area, hippocampus, amygdala, cerebral white matter, 6 cerebral cortex, brain stem, and non-brain regions. The cerebral cortex was parcellated into gyrus-based 7 regions of interest, which were used as seeds and targets for the following tractography. 8 9 Voxelwise DTI data analysis 10 TBSS version 1.2 was used for voxelwise statistical analysis. First, FA data of all subjects were 11 normalized into a common space using the nonlinear registration tool FNIRT; normalized FA images were 12 averaged to create a mean FA image, which was then thinned to create a skeleton taking only the centers 13 of white matter tracts. This skeleton was thresholded at FA of 0.2. Voxel values of each subject's 14 normalized FA map were projected onto the skeleton by searching the local maxima along the 15 perpendicular direction from the skeleton. Voxelwise permutation-based nonparametric inference 16 (Nichols and Holmes, 2002) was performed on this skeletonized FA data using FSL Randomize ver. 2.9. 17
We performed multiple regression analysis with AQ as covariate of interest and age and gender as 18 nuisance covariates. Both positive and negative correlations with AQ were tested, with 10,000 19 permutations. The statistical threshold was set at P < 0.05. Multiple comparisons were corrected using 1 threshold-free cluster enhancement (TFCE) (Smith and Nichols, 2009 ). TFCE does not need an arbitrary 2 clusterforming threshold while preserving the sensitivity benefits of clusterwise correction. We identified 3 the location of the clusters using the Johns Hopkins University DTI-based White Matter Atlas 4 (http://cmrm.med.jhmi.edu) and checked potential fiber tracts that may include the clusters as follows. 5 6 Tractography 7
We used FSL's ProbtrackX program for depicting those fiber tracts. The seeds and targets of 8 tractography were selected from cortical parcellation created by FreeSurfer ( Figure 1A ). Exclusion masks 9 were also created from FreeSurfer parcellation to exclude anatomically invalid fibers. These masks were 10 transformed from each subject's 3D-MPRAGE space to the diffusion space by applying the rigid-body 11 transformation matrix, which was calculated by FSL's FLIRT program. Probabilistic tractography was 12 performed in the diffusion space ( Figure 1B) , and streamline samples were traced through the 13 probabilistic distributions of fiber direction, with 5,000 iterations per seed voxel (curvature thresholds = 14 0.5). Each tract was created in the 3D-MPRAGE space ( Figure 1C ) and thresholded to exclude voxels in 15 which the streamline sample count corresponded to the lower 25% of the outer-tail of the histogram, to 16 eliminate extraneous tracking results. The thresholded tracts were transformed back into diffusion spaces 17 ( Figure 1D ) and overlaid on the significant clusters of TBSS that were transformed into individual 18 diffusion spaces ( Figure 1E,F) . 19 1
Identification of tracts 2
We tracked AF, ILF and IFOF. For AF, we chose the banks of the superior temporal sulcus as seed 3 and the middle frontal gyrus as target for tractography from parcellation of FreeSurfer. ILF was traced 4 from the temporal lobe to the extrastriatal region. For this analysis, we used the temporal pole, superior 5 temporal gyrus, middle temporal gyrus, inferior temporal gyrus and fusiform gyrus as temporal lobe from 6 parcellation of FreeSurfer. We also used the lateral occipital gyrus, cuneus and lingual gyrus as 7 extrastriatal regions in a similar way. Another tractography isolated IFOF by tracking from the 8 orbitofrontal area to the occipital lobe. We used lateral orbitofrontal, medial orbitofrontal and parsorbitalis 9 as the orbitofrontal area and lateral occipital, cuneus, pericalcarine and lingual gyrus as the occipital area 10 in a similar way. 11 12
Investigation of TBSS cluster 13
We tried to identify the fiber tracts upon which the significant cluster shown in the TBSS analysis 14 was located. For this purpose we calculated the extent of overlap between the cluster and each fiber tract. 15
Here we call each cluster transformed in diffusion space as the Cluster of Interest ( Figure 1E,H) , and the 16 overlap between a fiber tract and the Cluster of Interest as the Overlap (Figure 1G,I) . We calculated the 17
Rate of Overlap as the volume of the Overlap divided by that of the Cluster of Interest. 18 19 1
Results 2
The demographic data and AQ score are shown in Table. 1. There was no gender difference in age 3 and AQ score. AQ was correlated with age. Although two participants had higher AQ score than the 4 cut-off level, we confirmed that they revealed no impairments in social interaction and communication in 5 a detailed interview by experienced psychiatrists. 6 TBSS revealed 5 clusters with a significantly negative correlation between FA and AQ ( Table 2) . 7
No clusters showed a significantly positive correlation. We did not find any significant correlation 8 between AQ and any of the other DTI parameters, such as mean, axial and radial diffusivity. According to 9 the JHU white matter atlas, the largest cluster (shown in light blue in Figure 2 for each subject was extracted to confirm the correlations between FA and AQ score. The correlation 15 coefficients were significant with r = -.402, -.432, -.395, -.338, and -.285 (each P < .05), respectively. We 16 also conducted TBSS analysis with each subscale of AQ. We found no significant correlation between FA 17 and each subscale. 18
Next, we tried to identify the fiber tract upon which the cluster adjacent to pSTS was located. The 19 largest cluster covered the white matter near pSTS. When shown in 3-dimensional (3D) view, it was 1 found that it could be divided into 4 subdivisions: 1) posterior limb of internal capsule and corona radiata, 2
2) fornix part, 3) occipital part, and 4) white matter close to pSTS (Figure 3) . We picked the subcluster 3 adjacent to pSTS out from the mean FA image (standard space) manually and found that it had 413 voxels We found that autistic traits in healthy adults were significantly correlated with the FA values of 11 white matter in several regions such as IFOF/ILF, PLIC/corona radiata, fornix, corpus callosum (CC), AF 12 and anterior thalamic radiation (ATR). In the region of pSTS, a key brain area in the pathophysiology of 13 ASD, we found altered white matter integrity in IFOF. between FA value in CC and AQ are in line with these previous findings. We also found a negative 8 correlation between integrity in AF and AQ. AF is an important fiber for phonological processing (Duffau, 9 2012 , Yeatman et al., 2011 , which is impaired in children with ASD and their relatives (Wilson et al., 10 2013 ). Our findings in this fiber were consistent with previous studies that showed altered integrity of AF 11 in ASD (Fletcher et al., 2010) . Furthermore, we found a significant negative correlation between AQ and 12 FA in anterior thalamic radiation (ATR). Similar patterns of reduced FA of ATR were found in boys with 13 ASD (Cheon et al., 2011). 14 Analysis using tractography identified that the area with a negative correlation to AQ score was in 15 IFOF adjacent to the pSTS region. This area was detected as the cluster that seemed to continue from AF. 16
However, after confirming the fiber orientation of each individual with actual tractography, it was clear 17 that the parietal part and temporal part of AF were not present simultaneously in a sagittal plane because 18 AF runs backward from the frontal lobe and changes its course downward as well as laterally (Figure 4) . 19
According to the atlas, the cluster in pSTS appeared to be on IFOF or ILF, but it was difficult to specify 1 the individual fibers. By using tractography, we were able to determine the cluster on IFOF but not on 2
ILF. 3
IFOF seemed to be an important fiber for connecting the frontal lobe with other lobes, although 4 some researchers have insisted that IFOF did not exist (Schmahmann and Pandya, 2007) . They claimed 5 that the associated fiber, which we call IFOF, did not exist in macaque monkey and that the fiber in the 6 external capsule was a projection fiber. However, researchers of postmortem human brain reported that 7 there is a fiber that runs from the frontal lobe to the occipital lobe via the external capsule, calling it IFOF 8 (Martino et al., 2010). DTI studies have also shown IFOF repeatedly (Catani et al., 2002 , Wakana et al., 9 2004 ), suggesting that it was peculiar to human beings (Thiebaut de Schotten et al., 2012). Research on 10 the function of IFOF with intraoperative electrical stimulation has revealed its role in semantic processing 11 (Duffau et al., 2005) . A study of brain injury also showed that IFOF was related to semantic processing 12 (Han et al., 2013) , which has been reported to be impaired in people with ASD (Boucher, 2012) . 13
Furthermore, a study of brain injury indicated that IFOF was associated with perception of facial features, as the fiber plays a key role in processing social information. 17
We experienced several limitations in this study. First of all, we did not investigate the brains of 18 individuals with ASD. Further study needs to include both subjects with and without ASD. On the other 19 hand, some subjects with ASD have mental retardation, which might affect the results. The current study 1 can remove this confounding factor because all of our subjects had normal IQ. Second, we could not 2 distinguish IFOF from extreme capsule (EmC). The part of EmC, not IFOF, might have an alteration of 3 FA associated with AQ. Finally, it was not revealed which cortices the altered white matter actually 4 connects, although we found that the pSTS parts of IFOF have reductions of FA values. 5
In conclusion, we showed that typically developed individuals with high autistic traits tend to show 6 lower FA in several brain areas including pSTS. Furthermore, by combining TBSS and tractography, we 7
were able to reveal that the white matter associated with autistic trait was mainly on IFOF in the pSTS 8 area. Our findings suggest that reduced white matter integrity in pSTS in ASD might stem from 9 disruption of IFOF. This result from healthy adults could contribute to a better understanding of the whole 10 pathological mechanism underlying ASD. Highlights TBSS revealed that autistic traits are associated with white matter integrity.
Tractography identified the fiber tract in which FA was linked to autistic traits.
The fiber tract in pSTS region was the inferior fronto-occipital fasciculus. Distribution of AQ is similar to that expected. SD, standard deviation; AQ, autism spectrum quotient; IQ, intelligence quotient; n.s., not significant 
